ABSTRACT OBJECTIVES This study sought to derive age-, sex-, and ethnic-appropriate adult reference values for left atrial (LA) and left ventricular (LV) dimensions and volumes, LV mass, fractional shortening, and ejection fraction (EF) derived from geographically diverse population studies.
(and unchanged 2015) ASE/EAE reference ranges, whether they were indexed for body size or not (3) .
Body size is typically represented by height or body surface area (BSA), and it may be incorrect to assume that the relationship between cardiac size or structure and these surrogates of body size are the same across sex or different ethnic groups.
The EchoNoRMAL (Echocardiographic Normal
Ranges Meta-Analysis of the Left Heart) collaboration was formed to develop contemporary normative reference ranges for standard echocardiographic measurements of the left heart (www.echonormal.org) (4) . Such values are essential to guiding key clinical management decisions. Geographically diverse, population-based studies were sought to ensure reference values would be relevant to a "real world" 
METHODS
STUDY COHORT. The development and methodology of the EchoNoRMAL individual person data metaanalysis has been described previously (4) . In brief, population-based studies that reported echocardiographic measurements on adult volunteers were identified through comprehensive systematic reviews and personal communications. Investigators were asked to contribute individual person-level data to the EchoNoRMAL meta-analysis. Data on 51,222 subjects from 43 studies were received. Ethnicities defined in the original studies were categorized as African, American Black, East Asian, Australian Aboriginal, European, Middle Eastern, Pacific, or South Asian.
After limiting the study population to people ages 18 to 80 years, subjects with clinically evident CV or renal disease, hypertension, or diabetes were excluded.
Assessment for subclinical disease varied, and studies were not required to have performed more intensive screening of older subjects (although the same criteria for hypertension, diabetes, or renal disease were applied to all). After the exclusions, 22,404 subjects formed the EchoNoRMAL reference cohort from which reference values for standard echocardiographic measurements of the left heart were derived.
DEVELOPMENT OF REFERENCE VALUES.
Data were combined from multiple studies in an individual person data meta-analysis.
Quantile regression (5) of each echocardiographic measurement against age (treated as linear) was performed within sex-and ethnicspecific groups. Nonlinear relationships with age are possible; however, these were not suggested on scatterplots of each measurement. Initially, individual study was treated as a fixed effect. To investigate study-specific influences, the analysis of each measurement was repeated while treating the study as a random effect, with a study-specific intercept. Studies with #5 people per sex per ethnic group were excluded from the random effects model. The variance associated with each intercept was estimated using bootstrap re-sampling (1,000 samples). To identify potential outliers, the random intercepts of each study were ranked in ascending order.
Because the distribution of the intercepts showed no clusters or other patterns of heterogeneity, the studies at either end of the range were examined. If there was no overlap in the 95% confidence intervals of 2 adjacent studies, the extreme study was identified as a potential outlier. A sensitivity analysis was then performed by removing the extreme study and repeating the fixed effect analysis. If there were important differences in the model after excluding the outlying study (defined as $5% difference in the intercept or coefficient of age), the study was excluded from developing the final reference values for that measurement. If the reference value was for a metric derived from other measurements (e.g., EF derived from LV volumes), the study was also excluded from reference values for the initial measurements (e.g., for LVEDV and LVESV, as well as EF). Because outlying data could be due to systematic measurement differences or real differences in the underlying population, sensitivity analyses were then performed for all other measurements, in which any study that had been excluded from the development of a reference range was excluded from every other measurement it contributed data to, and the fixed effect analysis Echo Reference Values the measurement of EF, and calculated a weighted variance of the predicted value for each study, with weights proportional to study size. Analyses were performed using R statistical software v3.0.2 (6), using the "quantreg" (7) package for fixed effects models and the "lqmm" (8) package for random effects models.
Upper reference values (URVs) were defined at the 95th percentile and lower reference values (LRVs) at the fifth percentile. In accordance with earlier recommendations (9) , these values defined 90% of the population as normal, but they allowed for non- In such cases (of sparse data), the model over the widest age range was compared with that developed over the limited age range. If they were the same, the wider age range was used; if not, the limited age range was used. When only 1 study contributed to a model, the model was limited to the ages in that study.
Reference values were derived for LA size (LAD, area, LAvol); LV diameters (LVEDD, LVESD), volumes (LVEDV, LVESV, SV), LVM, and function (FS, EF). In addition, reference values were derived for LA and LV diameters, volumes, and LVM after indexation (dividing) by BSA (11) and by height. LVM was estimated using the ASE recommended equation (12) whether measured from M-mode or 2-dimensional linear dimensions. Relative wall thickness (RWT) was calculated from the posterior wall dimension (PWD) as RWT ¼ PWD*2/LVEDD.
RESULTS
COHORT. The EchoNoRMAL reference cohort is characterized in Table 1 REFERENCE VALUES. Data exclusions. One study had outlying data for LVEDV and LVESV, and 1 study had outlying data for EF. Sensitivity analyses showed that each of the studies had a significant influence on the reference values that were derived for these measurements; thus, they were excluded from the development of European reference values for LVEDV, LVESV, and EF (13, 14) . Reference values from the full data are presented in the Online Appendix. These 2 studies did not influence the equations for any other measurement.
Left ventricular volumes and ejection fraction. Agespecific URVs for LVEDV, LVESV, and SV, measured using Simpson's biplane method, are presented in Tables 2 and 3 and also Online Tables A1a and A1b . Tables A2a and A2b ).
Median heart rate (HR) was 7 beats/min higher among South Asians than Europeans ( Table 1) . Linear regression of LVEDV against HR in the whole cohort showed that LVEDV decreased by 0.64 ml per 1 beat/min increase in HR (data not shown); thus, a 7 beats/min increase in HR would be associated with a 4.5-ml reduction in LVEDV. Consistent with the URVs for LVEDV, median LVEDV for South Asian men was 37 ml lower than that of European men (68 ml vs.
105 ml) and 23 ml lower for South Asian women compared with European women (57 ml vs. 80 ml).
Therefore, the ethnic-dependent differences in the distribution of LVEDV far exceed the influence of HR.
The LRV for EF differed by ethnicity ( Figure 2 ). Left ventricular mass. Age-specific URVs for LVM, which were estimated from M-mode, 2-dimensional linear, or 2-dimensional area methods, are presented in Online Tables C1a (men) and C1b (women).
The URVs for relative wall thickness from linear measurements are also presented. The URVs for LVM were higher for Europeans than that of East Asians, regardless of the measurement method. Among men, the differences between these groups remained after indexation by BSA or height. As seen for M-mode dimensions, the URVs for M-mode LVM were similar for Europeans and American Blacks at age 30 years. The change in the URVs of LVM with increasing age for men was statistically significant for M-mode-derived mass in European and American Black men and for
2-dimensional, linear-derived mass in European and
South Asian men (Online Table C2a ).
Among women, the URVs for LVM were similar for Europeans and South Asians; however, the reference for 30-year-old American Black women was higher than any other ethnic group (at that age, images were taken in the parasternal short-axis view). Indexation by BSA, and to a lesser degree, by height, appeared to reduce the difference in URVs among ethnic groups.
The change in the URVs of LVM with increasing age was statistically significant for M-mode-derived mass in European and East Asian women, and for
2-dimensional, linear-derived mass in East Asian and
South Asian women (Online Table C2b The change in the URVs of LAD with increasing age was statistically significant for European, African, and American Black men, and it varied for women depending on the method of measurement. The difference in LAvol with increasing age was not statistically significant for men, but was significant for European women (Online Tables D2a and D2b ).
Equations defining the LRVs for LA size are presented in Online Tables D3a and D3b .
Between-study variation. The predicted value of EF at age 50 years was used to examine between-study Echo Reference Values variation. In a random effects model of the fifth percentile of EF, the predicted values for European women at age 50 years from 13 studies ranged from -3.9% to þ4.8% around the final predicted value.
The weighted standard deviation (wSD) was 3.1%
( Figure 3) . The predicted values for East Asian women (5 studies) ranged from -3.3% to þ1.1% around the final predicted value (wSD 0.8%), and for South Asian women (4 studies), the predicted values ranged from -1.6% to þ1.4% around the final predicted value (wSD 0.5%).
A similar pattern was seen among men. The predicted values for European men at age 50 years from each of 12 studies (1 study that had 4 European men was not included in the random effects model) ranged from -5.0% to þ3.7% around the final predicted value (wSD 2.7%); for East Asian men (5 studies), the predicted value ranged from -1.9% to þ2.4% around the final predicted value (wSD 0.7%), and for South
Asian men (5 studies), the predicted valued ranged from -0.7% to þ3.2% around the final predicted value (wSD 0.8%).
DISCUSSION
Quantitative echocardiography depends on reliable normative reference ranges that describe the distribution of values in a "healthy" referent population.
It is well known that LV size differs for men and women (15, 16) The URV for SV also decreased with increasing age.
Although the reduction in volume per year of age is proportionally greater (compared with the intercept)
for LVESV than LVEDV, the reduction in absolute volume is greater for LVEDV, leading to its greater contribution to the reduction in SV. The trend with age for the URV of LVM was variable, depending on sex, ethnic group, and method of measurement.
Previous studies (19, 20) 
